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2. Hunting for diquark 
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Four-quark states 



 

 

 







1. Introduction of four-quark 
state 

Four-quark state was first mentioned by M Gell-Mann 

M. Gell-Mann, Phys. Lett. 8, 214 (1964) 

Four-quark state was first studied in hadron scattering 

amplitudes: 

 

  

“Possibility of baryon - anti-baryon enhancements with 

unusual quantum numbers”，J.L. Rosner, Phys. Rev. Lett. 

21, 950 (1968) 



Baryonium： 
Hong-Mo Chan and H. Hogaasen, Phys. Lett. B72, 121 (1977) 

Mesons in the 10, bar 10 and 27 representations of the flavor 

SU(3) required! 
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D P Roy, J. Phys. G. 30, R113 (2004) 
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The model was proposed independently by Gell-Mann and Zweig，
M. Gell-Mann，Phys.Lett.8 (1964): 214; G. Zweig, CERN Report 

No.8182/TH.401(1964).  

Three fundamental building blocks 1960’s (p,n,l)  1970’s 

(u,d,s) 

 
 + = ud,  -  = du,  o =1

2
 (uu - d d), k

+
= ds, k

o
= ds

 

)( ud

Naive Quark model 

Mesons are in the 1, 8 representations of the flavor SU(3) 

Mesons are bound states of a of quark and anti-quark: 

 Can make up "wave functions" by combing quarks: 



 

Baryons are bound state of 3 quarks: 

  proton = (uud), neutron = (udd), L= (uds) 

anti-baryons are bound states of 3 anti-quarks: 

 

p  u u d n  u d d L u d s 

Λ= (uds) 

Baryons are in the 1, 8, 10 representations of the flavor SU(3) 



There may exist: 

g
2
, g

3
,…   

glueballs 
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hybrids 
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multiquarks 

Conventional hadrons: Mesons,  Baryons  

Exotic hadrons (“exotica”)  

Exotic hadrons 
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Possible quark and anti-quark combinations are of the form: 

For example:   

Problem: where will the combinations stop?  



 

 

 

Exotic quantum numbers 

For a quark-antiquark pair, the following quantum numbers JPC 

are not allowed: 

“Exotica” 

1,  exotic hadrons such as glueballs, hybrids and multiquark     

     states etc. 

2,  resonances with exotic quantum numbers 



Tetraquark 

 Meson molecule 

 
•c      

Hadro-charmonium 

cc uu

Four-quark states in constituent quark model 
Four-quark state: consists of four quarks and anti-quarks 

Intrinsic quarks/anti-quarks may make different clusters, 
and there may be different kinds of four-quark states 

 



 

 

 

Spin-independent interaction(Coulombic + linear confinement) 

Spin-dependent interaction(color magnetic spin-spin 

interaction between the quarks(one gluon exchange)) 

Diquark-antidiquark with gluon exchange 



 

 

 



 

 

 

is kept together by hadron exchange forces (one-pion 

exchange, or two-gluon exchange) 

2 color-neutral mesons with soft pion exchange 

Presented lattice criteria do not distinguish between  

tetraquarks and molecules 

M B Voloshin, and L Okun, “Hadron Molecules and Charmonium 

Atom”, JETP Lett. 23 (1976) 333-336 
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•c  c cu u

◇ Hadro-charmonium 

S. Dubynskiy, M.B. Voloshin, Phys.Lett. B666 (2008) 

344 

Argument! 
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Qian Wang et al., “Y(4260): Hadronic molecule versus hadro-

charmonium interpretation”, Phys.Rev. D89 (2014),034001  



 

 

 

Lessons from hydrogen atom 

Strong interaction among quarks 

Physical picture of four-quark states ? 



 

 

 

Hadrons are in color singlets 

+…… 

1,                     may mix with 

2,    four-quark state may mix with normal          meson 

 Morgan’s pole counting rule (D. Morgan, Nucl.Phys.A543,632 (1992)) 

 Mixing 



Four-quark states dynamics 

? 

Experimental signal? 



A. De Rujula, Howard Georgi, S.L. Glashow, Phys.Rev.D12, 

147(1975) 

the strong and electromagnetic part of the Hamiltonian for a 

color neutral threequark of quark-antiquark hadron state 

has the following form: 





S. Zouzou, B. Silvestre-Brac, C. Gignoux, J.M. Richard, 

Z.Phys.C30, 457(1986) 



Nils A. Törnqvist, Z.Phys.C61,525(1994); Phys.Lett. B590,209 

(2004) . 

The general one-pion exchange potentials as a function of r 



E.S.Swanson, Phys.Lett. B588,189 (2004) ; Phys.Lett. B598, 197 

(2004).  

The effective potential from one-pion exchange 



Hadron masses from three ingredients: quark composition, 

constituent quark masses and spin-spin interactions. 

The Hamiltonian is 

L. Maiani, F. Piccinini, A.D. Polosa and V. Riquer, 

Phys.Rev.D71, 014028(2005) 

and the sum runs over the hadron constituents. The 

coefficients       depend on the flavor of the constituents i, j and 

on the particular color state of the pair. 



Applied to the L=0 mesons,      and      , gives 

Applied to uds states,     (good diquark, S=0),       and       (bad 

diquark, S=1), gives 



Four-quark states decay 

Decay mode? 

Experimental signal? 



Four-quark decays  

A. De Rujula, Howard Georgi, S.L. Glashow, Phys.Rev.Lett, 

38,317(1977) 



R.J.Jaffe, Phys.Rev.D15, 267(1977); D.V. Bugg, Eur.Phys.J. 

C47,57 (2006)  

OZI super-allowed decay (fall apart): 

A given Q'Q' meson cannot "fall apart“ or "dissociate" into 

any arbitrary QQ mesons. 

The decay products must be S-wave mesons in relative S 

waves. 

Suppressed decays! 





W. Roberts, B. Silvestre-Brac and C. Gignoux, Phys.Rev.D41, 

182(1990) 



L. Maiani, F. Piccinini, A.D. Polosa and V. Riquer, Phys.Rev.Lett, 

93,212002(2004) 



Subdominant 
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F. Giacosa, Phys. Rev. D74,014028(2006); 

Dominant (a) and subdominant (b) contributions to the transition 

amplitudes of a scalar-tetraquark state into two pseudoscalar 

mesons 



The Lagrangian for the scalar-pseudoscalar 

interaction: 



Stanley J. Brodsky, Dae Sung Hwang, and Richard F. Lebed, 

Phys.Rev.Lett, 113,112001(2014) 



 

 

 

X(1860) 

Anomalous enhancement near the threshold of          

mass spectrum at BES III 

                                          

J. Z. Bai, et al., (BES Collaboration), Phys. Rev. Lett. 91, 

022001 (2003); Chin.Phys.C34, 421(2010) 

pp

Light hadrons 

Candidates of four-quark states 



 

 

 

PRD 88, 091502 

 The observations at BES  

X(18??) are close to the threshold of proton and anti-proton  

Identified? 

The same resonance? 



Hua-Xing Chen, Wei Chen, Xiang Liu, Shi-Lin Zhu, Phys. Rept. 

639, 1(2016) 



R.F. Lebed, Ryan E. Mitchell, Eric S. Swanson, arXiv:1610.04528 



R.F. Lebed, Ryan E. Mitchell, Eric S. Swanson, arXiv:1610.04528 







Do multiquark hadrons exist? 



Four-quark states in lattice 
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Four-quark states in lattice 

Systems with heavy quarks should be more easily bound 

provided the potential is attractive, since the repulsive kinetic 

energy of the quarks is smaller, while the attractive two-body 

potential remains the same. 
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Four-quark states from lattice 

Tetraquark 
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Four-quark states from lattice 

Tetraquark 
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Four-quark states from lattice 
arXiv: 1608.06537 

Hadro-quarkonium 



 

 

 

Gell-Mann (1964) first mentioned the possibility of diquarks in 

his original paper on quarks. Later, Ida and Kobayashi (1966) 

and Lichtenberg and Tassie (1967) introduced diquarks in order 

to describe a baryon as a composite state of two particles, a 

quark and diquark. 

Quarks/antiquarks in hadron containing more than 3 quarks 

may have complicated correlations and form different clusters 

M. Gell-Mann, Phys. Lett. 8, 214 (1964); 

M. Ida and R. Kobayashi, Prog.Theor.Phys. 36 (1966) 846; 

D.B. Lichtenberg and L.J. Tassie, Phys.Rev. 155 (1967) 1601 

2. Hunting for diquark 



Attractive & repulsive channels in QCD 
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{qq

octet = +1/3 repulsion 

singlet = -8/3 attraction 

{qq 
“3bar” = -4/3 attraction 

“6 “     = +2/3 repulsion 

]2/3)1J(J)][R(C[gTTg eff
)2(2

R2211

2 

Spin-spin interaction 

{qqandqq
31
 spin 1= +1/2 repulsion 

spin 0= -3/2 attraction 

Interaction of two colored objects: 

Baryons in the octet: 

L=([ud] J=0 s); S0 =({ud}J=1s) L is lighter than S

From L.MAIANI. Scalar Mesons & 4-quarks 



According to the following references, the two quarks correlate 

antisymmetrically in color, flavor, and spin, separately, and 

thereby attract one another forming a ‘‘good’’ diquark cluster, 

R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003); 

R. L. Jaffe, Phys. Rep. 409, 1 (2005). 

A. Selem and F. Wilczek, arXiv:hep-ph/0602128. 

Good diquark Bad diquark 



Possible bound states including diquarks  

 q  q q  baryons ? 

 q q    q q  

 q q 

 q q  q q 
 dibaryons ? 

four-quark states? 



pentaquark ? 

 s  

 u d 
 u d 

 

Remember: possible quark and anti-quark combinations are of    

                    the form 

)0,()()3( npqqq np

Diquark picture 

 



Hunting for diquark in lattice 

D.B. Leinweber, “Do quarks really form diquark clusters in the 

nucleon?”, Phys. Rev. D47, 5096(1993) 
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Hunting for diquark in mass 
spectrum 

Model dependence! 



Hunting for diquark in hadron 
decays 

Important in both theory 

and experiment! 



Diquark signal in experiment? 

Hadronic decays in highly excited ΛQ and ΞQ baryons?  
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Scalar  

Nonet of scalar and color singlet states: 

)1(    as transforms]][[

)2/1(    as transforms]][[

)0(    as transforms]][[







Iudsdus

Iussdud

Issduud

3. Hunting for multiplets 



L. Maiani, F. Piccinini, A.D. Polosa and V. Riquer, Phys.Rev.Lett, 

93,212002(2004) 

Maiani (2012) 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCMm8rp--l8cCFUjYPgodZNYLKQ&url=http://www.ilmessaggero.it/PRIMOPIANO/CRONACA/l_aquila_polemica_sulla_sentenza/notizie/227072.shtml&ei=f-nEVYmBNsiw-wHkrK_IAg&psig=AFQjCNEWivhsPiwjhN8C4V1cRMrkHZUhFA&ust=1439054466490394


X, Y, Z  

Experiment: Belle, BaBar, BES, Cleo .... 

Possible interpreations: tetraquarks 

SuccuuccuX

SdccddccdX

PsccsY

SdccudccuJZ
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L.Maiani, F. Piccinini, A.D. Polosa and V. Riquer, Phys.Rev. D89, 

11(2014) ,  114010; Phys.Rev.Lett. 99, 182003(2007) ; Phys.Rev. 

D72 (2005) 031502; Phys.Rev. D71, 014028(2005) ; 

Phys. Rev. D94, 054026(2016) 



q         s ?  



c         b  ?  



 

 

 

Alternative explanations of the data that are based 

on less exotic quark-based interactions exist? 

Kinematics effect? 
 
Final state interactions? 
 
Threshold effect? 
 
… 



 

 

 

Study of exotics 



Our work on four-quark state  
and diquark 

Ailin Zhang, “Four quark state in QCD”, Phys. Rev. D61, 

114021 (2000) 

 

Ailin Zhang, Tao Huang and Tom. Steele, “Diquark and light 

four-quark states”, Phys. Rev. D76, 036004 (2007) 

 

Bing Chen, Deng-Xia Wang and Ailin Zhang, “JP Assignments 

of Λc
+ Baryons”, Chin.Phys.C33,1327(2009) 

 

R. T. Kleiv, T. G. Steele, Ailin Zhang and Ian Blokland, “Heavy-

light diquark masses from QCD sum rules and constituent 

diquark models of tetraquarks” , Phys.Rev. D87, 125018 

(2013) 

 

Bing Chen, Ke-Wei Wei and Ailin Zhang, “Assignments 

of ΛQ and ΞQ baryons in the heavy quark-light diquark 

picture”, Eur.Phys.J. A51, 82(2015)  



Where is the diquark signal? 

Has four-quark state been found? 

More study in theory and experiment!  

4. Discussion without conclusion 

Where is the multiplet? 



Thanks! 


